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E-mail address: a.vardy@fbw.vu.nl (A.N. Vardy).Objective: Parkinson’s disease is characterized by motor and cognitive problems that are accompanied by
slowing of neural activity. This study examined the relationship between neural slowing and disease
severity during rest and motor performance.
Methods: Primary motor activity was assessed by means of magnetoencephalography during rest and
rhythmic movements. Motor output and event-related cortical power in the alpha and beta frequency
bands were determined. UPDRS total and subscores were used to pinpoint correlates of neural slowing
(change of power towards lower frequencies) during both resting state and the production of rhythmic
movements.
Results: By design, motor performance was similar for both the patients and the controls. PD patients
showed slowing of neural activity which increased with disease severity. Slowing during rest showed
the clearest correlation with cognitive UPDRS subscores, whereas slowing during movement correlated
best with the motor UPDRS subscore.
Conclusions: These results suggest that slowing is functionally modulated and that different mechanisms
are responsible for neural slowing during rest versus movement.
Signiﬁcance: Neural slowing must be viewed in a broader context than previously thought because it is
not solely related to impaired motor performance but also to impaired cognition.
 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.1. Introduction
Parkinson’s disease (PD) is accompanied by changes in neural
activity, most notably in oscillatory activity in various cortical
and subcortical areas (Berendse and Stam, 2007; Brown, 2007;
Schnitzler and Gross, 2005). Oscillatory activity in general and syn-
chronization of neuronal activity in particular reﬂect a variety of
motor and cognitive processes. Are changes in oscillatory activity
generic correlates of the disease, or are they modulated by tasks
and/or by disease severity? Put differently, if synchrony is altered,
which functions are affected most? One such change in oscillatory
activity that has raised considerable interest in relation to PD is the
slowing of neural activity (Stoffers et al., 2007; Moazami-Goudarzi
et al., 2008; Bosboom et al., 2006; Soikkeli et al., 1991;f Clinical Neurophysiology. Publish
uman Movement Sciences,
, Van der Boechorststraat 9,
20 5988468; fax: +31 0 20Salenius et al., 2002; Stanzione et al., 1996). Stoffers and coworkers
(2007) showed that during resting state magnetoencephalographic
(MEG) recordings in early stage, untreated PD patients, cortical
activity exhibited higher relative power in the alpha (and theta)
band and lower relative power in the beta (and gamma) band com-
pared to controls. This slowing of neural activity in the cortex in PD
can be particularly important through the extensive connectivity
between the cortex and subcortical areas including the basal gan-
glia (Moazami-Goudarzi et al., 2008; Soikkeli et al., 1991; Brown,
2003). And, in view of the complex symptomatology of PD, how-
ever, it is likely that the spectral changes are not limited to the
resting state default network.
PD is commonly known for its characteristic motor problems
such as freezing and shufﬂing gait, more general rigidity, tremor,
and bradykinesia. It may therefore be hypothesized that changes
in neural activity found during resting state can also be found dur-
ing movement. Interestingly, Moazami-Goudarzi et al. (2008)
localized a PD-related low-frequency power increase (in the lower
alpha frequency band) in broad and bilateral fronto–insulo–tem-
poral areas during resting state, suggesting an involvement ofed by Elsevier Ireland Ltd. All rights reserved.
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They postulated a persistent and deleterious increase in resting
state activity in PD and proposed that the low frequency activation
relates to the appearance of motor negative symptoms (like
akinesia).
PD patients show movement-related problems originating from
a disturbed functioning of the neural circuitry between thalamus,
basal ganglia, and primary motor cortices that is associated with
a reduction of dopaminergic cells in the substantia nigra (DeLong
and Wichmann, 2007). We therefore investigated whether the
aforementioned slowing of neural activity in resting state extends
to movement-related activation. We expected a similar but more
pronounced slowing during movement, as proper motor function-
ing requires oscillatory activity, or changes thereof (Houweling
et al., 2010). We further investigated to what extent such slowing
during the production of externally cued rhythmic movements is
related to disease severity. We also performed the analysis during
resting state to verify if our methods yield similar results regarding
slowing of neural activity as reported in literature (Stoffers et al.,
2007). We used three rhythmic motor tasks, adapted from cueing
therapy, which is commonly employed in PD and entails the use of
cues to guide rhythmic movements (Lim et al., 2005; Nieuwboer
et al., 2007; vanWegen et al., 2006). Themovement tasks usedwere
still easyenough toperformbybothPDpatients andhealthy individ-
uals, thereby ensuring that differences on a neural level are not
attributable to differences in performance, but solely to the underly-
ingpathology. The effect of disease severitywas investigatedagainst
the background of the Uniﬁed Parkinson’s Disease Rating Scale
(UPDRS), in particular the mental and motor subscores, to pinpoint
which facet of PD is related to slowing of neural activity.tseRtseR
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30 s 30 s2. Materials and methods
2.1. Participants
Eleven patients with Parkinson’s disease (PD, 3 female) and ele-
ven healthy age-matched controls (CO, 3 female) with artifact-free
MEG and co-registered MRI were included in this study. PD pa-
tients were recruited from the outpatient clinic for movement dis-
orders of VU University medical center. Some of the patients had
participated previously in the RESCUE project (Nieuwboer et al.,
2007). PD patients were 61.0 ± 15.5 (mean ± SD) years of age (CO
62.2 ± 8.35 years), had a Mini Mental State Examination (MMSE)
score of 28.9 ± 1.8 (CO 29.5 ± 0.7), Hoehn and Yahr stage (HY)
range 1.5–3.0, UPDRS-ON range 22–71, and disease duration of
5.1 ± 3.3 years. All patients were on a stable medication regimen
and tested in the ON-phase approximately 1.5 h after their last
medication-intake; more details about the patients can be found
in Table A1 in Appendix A. All participants were right-handed.
The study was approved by the Medical Ethics Committee of VU
University medical centre. Participants signed an informed consent
form prior to participation.tseRtseR
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Fig. 1. Experimental design: participants synchronized their movements in two
paced conditions with either regular or irregular cues (RC and IC, respectively;
upper panel), and two self-paced conditions (SP) preceded by either regular or
irregular cues setting a rhythm that they had to continue (presented for 5 s); here
we report only the SP condition with regular cues as lead-in. Each condition was
presented once adding up to a total measurement time of 34.5 min. The order of the
conditions was counterbalanced over participants for both PD and CO.2.2. Procedure
Participants were asked to perform a rhythmic motor task with
their right hand, which consisted of rhythmically squeezing an air-
ﬁlled rubber bulb while lying supine with eyes open. No force level
was prescribed and participants were free to exert any amount of
force during the tasks. The tempo of performance was set by an
80 bpm sensory stimulation delivered by an expandable mem-
brane attached to the ventral side of the left index ﬁnger (200 ms
pulse duration, pressure 200 kPa). Participants received visual
written instructions about conditions via a computer display on
the ceiling of the magnetically shielded room housing the MEG.The experiment consisted of different movement scenarios:
paced and self-paced conditions, i.e. conditions with sensory stim-
ulation with which participants had to synchronize continuously,
and conditions with a brief initial cueing period prescribing the
pace continued by self-paced force production (see Fig. 1). Two
types of pacing were used, one with regular inter-stimulus inter-
vals (750 ms, i.e. 80 bpm; regular cueing RC) and one with irregu-
lar, jittered stimuli (mean inter-stimulus interval = 750 ms,
SD = 25 ms; irregular cueing IC). The paced conditions started with
180 s of rest followed by three 30-s movement periods consisting
of cued movements (squeezing the bulb) separated by two 30-s
rest periods, and concluded by another 180 s of rest. In the self-
paced (SP) conditions the 30-s movement periods were replaced
by a 5-s pacing period followed by 30 s self-paced movements
(we restrict their report to the RC self-paced condition abbreviated
as SP). The cortical activity in the rest periods was analyzed in a
previous study (Vardy, 2010), which revealed distinct changes in
the post movement intervals – see also Section 4. In view of these
earlier analyses we focused here speciﬁcally on the three move-
ment periods.2.3. Data acquisition and preprocessing
Cortical activity was recorded using a 151-channel whole-head
MEG system using 3rd-order synthetic gradiometers (CTF Systems
Inc., Vancouver, Canada). Pressure from the air-ﬁlled bulb was re-
corded simultaneously using a custom-built pressure sensor. All
signals were low-pass ﬁltered at 200 Hz prior to digitization at a
rate of 625 Hz.
MEG affords detailed recording of neural activity with a high
temporal resolution. To investigate effects beyond those of ongoing
activity and to increase the signal-to-noise ratio, we employed an
event-related analysis which has been widely used to study, for
example, attention (Golob et al., 2002), motor learning (Houweling
et al., 2008), and changes in ERS/ERD cycles in PD (Pfurtscheller
et al., 1998). Events were deﬁned in relation to the peaks in the
pressure signals. These peaks were determined by applying a
2nd-order bi-directional Butterworth band-pass ﬁlter around the
1.33 Hz pacing frequency (band 0.3–2.4 Hz). Signals were prepro-
cessed using software provided by CTF Systems Inc. and analyzed
using Matlab (The Mathworks Inc., Natick, MA).
A participant’s data were discarded for a given movement per-
iod (there were three movement periods per condition, see Fig. 1),
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Fig. 3. ERFs of the left motor area (M1left) in arbitrary units (a.u.) for PD and CO,
averaged over conditions; event = moment of peak pressure. There were no
statistically signiﬁcant differences between groups and between conditions. All
ﬁelds revealed commonly found movement-related changes, in particular the well-
known ERD–ERS–ERD complex (Pfurtscheller et al., 1998).
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data were discarded altogether if all movement periods failed to
yield pressure peaks or if it was not possible to determine the left
motor area (see Section 2.4) (included participants CO: 10, PD: 10).
2.4. Data analysis
We deﬁned the degree to which the participants performed the
tasks correctly in terms of proper motor timing. When cueing was
present (i.e. RC and IC conditions), a measure of synchronization
error (the total error of synchrony) was employed, which was de-
ﬁned as the sum of the absolute difference between moments of
peak pressure and stimulus presentation times. For SP, we deter-
mined the mean response frequency and the inter-response vari-
ability. The ﬁrst 5 s of each of the three movement periods were
omitted from the analysis to avoid transients. Force level was as-
sessed by analyzing the pressure signals.
Using the MEG signals, we estimated sources via synthetic aper-
ture magnetometry (SAM) beamformers (Vrba and Robinson, 2001)
based on individual anatomicalMR images; see Fig. 2 for an example
and Appendix A for details about methods. This determined the left
primarymotor cortex ontowhichMEGdatawereprojected, yielding
the time-dependent activityM1left; we restricted analysis to the left
hemisphere, i.e. contralateral to the force producing hand, as effects
were most prominent in this hemisphere.
These activities were assessed further via the signals’ event-
related ﬁeld, power, and phase uniformity (ERF, ERpow, and ERpu,
respectively). For the ERFs, no statistically signiﬁcant differences
were found throughout participant groups and conditions and will
therefore not be discussed further. For the sake of completeness,
we illustrate the (grand) average ERF for the CO and PD groups in
Fig. 3 and note that the differences shown were not statistically
signiﬁcant.
ERpow and ERpu were computed via the Hilbert transform of
the source reconstructed data after ﬁltering in 2 Hz bands around
frequencies f ¼ 7;8; . . . ;30 Hz. This yielded time/frequency data
spanning both the alpha (7–11 Hz) and beta (13–30 Hz) frequency
bands. The three movement periods were analyzed whenever
event-deﬁning peaks were unambiguously detectable in the pres-
sure signals. Signals were assessed in [350, 350] ms epochs
around all detected events of a trial (on average 60–90 events
per trial). For the ERpow we averaged the power over events, for
the ERpu we determined the phase coherence over events; seeFig. 2. Source M1left (and M1right) in a representative control subject. For all but two
subjects (1 patient and 1 control), M1left could be determined successfully. See
Appendix A for details about the SAM beamformers in the beta band.Appendix A for details. Changes in event-related synchronization/
desynchronization (ERS/ERD) were determined through ERpow
and ERpu as a function of time (averaged over the above deﬁned
frequencies). The overall neural synchrony was assessed further
by computing ERpow and ERpu as a function of frequency (aver-
aged over the entire epoch). To anticipate, ERpow revealed signif-
icant differences between the two groups. These differences
motivated the following analyses based on univariate data of indi-
vidual subjects. First, we computed relative power as the fraction
contributions of the alpha and beta band in ERpow and, second,
the median frequency of the ERpow; both measures were also
compared between groups (see below). Relative power and median
frequency served to quantify slowing of neural activity. In order to
investigate the relationship between disease severity and slowing,
we ﬁnally correlated the two measures with the UPDRS scores of
the PD patients. A similar analysis was performed on resting state
data to conﬁrm the slowing of neural activity. These results are re-
ported in Appendix A.
2.5. Statistics
Force levels were analyzed using the pressure signals which
were averaged within subjects prior to assessing inﬂuences of
group or condition using a 2  3 mixed design ANOVA (between-
subject variable group; CO and PD, within-subjects variable condi-
tion; SP and RC, IC). By contrast, ERpow and ERpu formed sets of
time/frequency data, one for each participant in either the CO or
PD group and for each condition. There, we analyzed the series
using a principal component analysis (PCA) after either averaging
over time or frequency. For each subject and for each condition,
the time/frequency series served as multivariate input for the
PCA. From this, the primary principal component (i.e. the mode
accounting for the largest amount of variance) was determined
to study effects of group and condition. If the primary principal
component accounted for at least 75% of the total variance, then
the coefﬁcients of this component for each subject and condition
were tested using an ANOVA using the same 2  3 mixed design
as for the force levels. Relative power and median frequency were
compared to the UPDRS scores (using linear regression to deter-
mine the signiﬁcance of the regression coefﬁcient) to evaluate their
association with disease severity. Because the UPDRS score is
aggregated over several parts, namely I: mental functioning, II:
activities of daily life (ADL), and III: motor performance, we
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linear regression analysis.
A signiﬁcance level of a = 0.05 was used throughout the analy-
sis. Error-bars in ﬁgures represent the standard error of the mean.
Outliers were determined based on the mean-centered values for
each variable separately. A time/frequency-series was deﬁned as
an outlier if it deviated more than two standard deviations from
the mean for more than 10% of its length. This ensured that only
traces which were not similar in shape were discarded as mean
level was not important. We note that the coefﬁcients of the pri-
mary principal component were tested, while the ﬁgures depict
the group and/or condition averages.−3.6
−3.4
Frequency [Hz]
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Fig. 5. Event-related power (ERpow) as function of frequency. There was a
signiﬁcant difference between the PD and CO groups for the ERpow traces, as PD
patients showed less power in the beta band andmore power in the alpha band. The
primary mode of the PCA explained 93% of the total variance. There was no
signiﬁcant effect of cueing type.3. Results
3.1. Motor performance
Timing was found to be similar for all three conditions (see
Fig. 4) and movement tempo agreed between groups (see Appen-
dix A). The RC condition was performed slightly more accurately
(F1,15 = 42.8, p < 0.01) than IC where force levels were also lower
(F2,30 = 10.84, p < 0.01), although we did not instruct participants
to produce a speciﬁc force level. There were no differences
between the two groups. Only two PD patients exhibited tremor
during the recordings as determined by inspection of EMG record-
ing of the right m. ﬂexor carpi radialis (see Appendix A).3.2. Event-related power
While the time-dependent ERpow did not reveal signiﬁcant dif-
ferences between groups or conditions, the PD patients displayed
more power in the alpha band and less in the beta band, implying
a slowing of oscillatory activity as shown in the frequency-depen-
dent ERpow in Fig. 5. This effect was conﬁrmed statistically
(F1,12 = 6.870, p = 0.023), where the primary principal component
accounted for 93% of the total variance.
ERpow was further investigated through its median frequency
that we compared between movement and resting state (median
frequencies for each participant were averaged over conditions).
As listed in Table 1, the median frequency during resting state
was higher than during movement and this difference was greater
for the PD patients (t8 = 4.06, p < 0.01) than for the controls
(t9 = 2.37, p < 0.05).
To analyze the shift in power as a function of disease severity,
we computed the relative power as the fraction of power of the
alpha band divided by that of the beta band. We then pooled the
relative power over the three conditions yielding three averaged
values for each subject. We found a signiﬁcant inﬂuence of UPDRSCO PD
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Fig. 4. Quality of performance (timing error) in the different conditions. There was no sign
PD could not be attributed changes in motor performance during the experiment.score on the relative power (t23 = 3.42, p < 0.01), where there the
alpha band contributed more and the beta band less to the total
power for higher UPDRS scores (see Fig. 6). The median frequency
also showed a lower value for higher UPDRS scores (t23 = 2.41,
p = 0.025).
Table 2 summarizes the correlations between UPDRS total and
subscores and the slowing of neural activity as measured by the
relative power and median frequency during movement and dur-
ing resting state. Almost all UPDRS subscores showed a signiﬁcant
relationship with relative power during both movement and rest-
ing state; only the motor subscore during resting state was not sig-
niﬁcant. For the median frequency, however, the distinction
revealed a striking separation: the motor subscore had a very
strong relationship with median frequency during movement,
but not during resting state. Conversely, the ADL and mental sub-
scores had a signiﬁcant relationship with median frequency during
resting state, but not during movement. Overall, this indicates a
task-speciﬁc dependency of the UPDRS subscores on the slowing
of neural activity.3.3. Event-related phase uniformity
For the ERpu, the primary principal component explained only
43% of the total variance offering insufﬁcient statistical power for
reliably interpreting further analyses. For the sake of completeness,SP
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iﬁcant group difference implying that differences in neural activity between CO and
Table 1
Comparison of median frequency between movement and resting state for the controls and the PD patients. For both groups the median frequency during movement was
signiﬁcantly lower than during resting state. The effect was greater for the PD patients.
CO PD
Movement Resting state Movement Resting state
Median ± SD [Hz] 13.63 ± 1.78 14.85 ± 0.94 11.56 ± 0.99 13.98 ± 1.33
tdf, p t9 = 2.37, p < 0.05 t8 = 4.06, p < 0.01
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dependent ERpu in Fig. 7.
4. Discussion
We investigated the effects of PD on neural activity in the con-
tralateral primary motor cortex. Previous studies reported a slow-
ing of neural activity in conjunction with PD during rest (Stoffers
et al., 2007; Moazami-Goudarzi et al., 2008; Bosboom et al., 2006;
Soikkeli et al., 1991; Salenius et al., 2002; Stanzione et al., 1996).
To date, it is unknown if this PD-related slowing is limited to
the resting state or if it is also present during movement. To an-
swer this we focused especially on motor performance, as move-
ment impairment is one of the early signs of PD. Our motor
tasks were designed such that PD patients and controls performed
equally well, which enabled us to concentrate solely on the
accompanying neural activity. Using the event-related analysis
we found that PD patients exhibited more alpha and less beta
power compared to healthy controls. That is, slowing of neural
activity, in which cortical activity has higher relative power in
the lower frequencies (alpha) and lower relative power in higher
frequencies (beta), was clearly present in PD patients during both
rest and motor activity. Remarkably, there was a clear correlation
between the amount of slowing and disease severity as both
decreasing relative power and median frequency were associated
with increasing UPDRS scores. Stated differently, the more ad-
vanced the disease, the more pronounced was the slowing of neu-
ral activity in the primary motor cortex during motor
performance. More details regarding resting state results are pre-
sented in Appendix A. Taken together, our results indicate that
slowing of neural activity is a structural, systemic – i.e. not only
pertaining to the resting state – phenomenon in PD that pro-
gresses with the disease.
Only after analyzing the partial UPDRS subscores did the dis-
tinction between resting state and movement becomes apparent.
The mental score correlated the least with the change in relative20 40 60 80
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Fig. 6. Regression between neural slowing during movement and UPDRS scores. Both th
revealed a slowing of neural activity when compared to controls (PD solid line versus
frequency shift (t23 = 3.42, p < 0.01) and median frequency (t23 = 2.41, p < 0.05). The re
those of the CO (a two-sample t-test revealed t49 = 5.04, p < 0.001; t49 = 4.47, p < 0.01power during movement and the most during resting state. For
the median frequency a similar distinction was found where the
motor score was signiﬁcantly correlated with neural slowing dur-
ing movement, whereas the mental functioning and ADL scores
were a signiﬁcant correlate during resting state. This distinction
indicates that slowing of neural activity is not just a general symp-
tom of PD but that the slowing is task speciﬁc, or at least
modulated by motor activity. Also, this difference in correlates dur-
ing resting state and movement suggests that different mecha-
nisms are responsible for slowing of neural activity in PD. A
change in cortical power might be caused by abnormal activity in
the subthalamic nucleus (Brown, 2003), a central hub that, when
affected (and displaying neural slowing), can yield both cognitive
and motor problems, as is the case in PD (Brown, 2007; Brown,
2006). That is, changes in cortical alpha and beta activity could
be mediated by different (partly overlapping) networks that are
more speciﬁc for motor tasks reﬂected by the UPDRS motor score
or for cognitive aspects reﬂected by the UPDRS mental functioning
and ADL scores. Note that changes in relative power can indeed be
the result of an increase in alpha power, decrease in beta power, or
a combination of both. Considering that the tasks used to deter-
mine the ADL score do require cognitive aspects like planning
and coordination, unlike simple motor tasks, it is not surprising
that the score for mental functioning and ADL show similar predic-
tive properties.
Our analysis concentrated on the left motor cortex correspond-
ing to the movement produced by the right hand. However, this
does not imply that the here-reported effects are limited to this
motor (output) area as M1 is densely connected to the basal gan-
glia, including the striatum. These deep brain regions are thought
to be the origin of motor problems in PD (Brown and Williams,
2005; Hamani and Lozano, 2004; Krack et al., 1999). Changes in
neural activity in the basal ganglia have adverse effects on the
activity in the motor areas which may imply that our ﬁndings in-
deed represent secondary effects of the disease. Analysis of the
basal ganglia using deep brain electrodes revealed profound20 40 60 80
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CO dashed line). For PD there was a signiﬁcant inﬂuence of UPDRS score on both
lative power and the median frequency of the PD patients differed signiﬁcantly from
respectively).
Table 2
Correlation strengths between slowing and UPDRS total and subscores. Signiﬁcant values are denoted in bold italics. The table shows the correlation coefﬁcients, the t-test scores
from the linear regression coefﬁcient r, and probability values p.
UPDRS scores during movement correlated with shift and median frequency
Relative power Median frequency
r t23 p r t23 p
UPDRS total 0.5806 3.4196 0.0023 0.4483 2.4053 0.0246
UPDRS mental 0.4370 2.3303 0.0289 0.0630 0.3025 0.7650
UPDRS ADL 0.5524 3.1777 0.0042 0.0853 0.4108 0.6851
UPDRS motor 0.4584 2.4737 0.0212 0.5394 3.0719 0.0054
UPDRS scores during rest correlated with shift and median frequency
Relative power Median frequency
r t23 p r t23 p
UPDRS total 0.5313 3.0075 0.0063 0.3915 2.0402 0.0530
UPDRS mental 0.5654 3.2874 0.0032 0.4288 2.2763 0.0325
UPDRS ADL 0.6298 3.8885 0.0007 0.4838 2.6508 0.0143
UPDRS motor 0.3689 1.9032 0.0696 0.2622 1.3029 0.2055
794 A.N. Vardy et al. / Clinical Neurophysiology 122 (2011) 789–795changes in amplitude of activity and its distribution over different
frequency bands (Brown, 2007, 2006). Over the years, deep brain
stimulation in these regions has been used to improve motor-re-
lated problems in PD with considerable success (Benabid, 2003;
Garcia et al., 2005; Goetz et al., 2005; Lozano et al., 2002; Samii
et al., 2004). It is possible that this kind of stimulation also
changes the power distribution of the motor areas, thereby coun-
teracting the power shift found here and in previous studies
focusing on the resting state. Future encephalographic studies
should address this possibility in greater detail, and may also pro-
vide more insight into the links between deep brain power
changes, shifts in frequency contents in the cortex, and disease
severity.
The price we had to pay for studying patients that could per-
form the tasks equally well as healthy controls was that PD pa-
tients had to be in the ON-phase. Changes found in the spectral
distributions may thus have been related to the intake of medica-
tion. The study of Stoffers and coworkers (Stoffers et al., 2007)
found a slowing of neural activity in the OFF-phase. In addition,
when testing the effects of a dose of dopaminomimetics they found
only slight changes in spectral power in areas other than the motor
areas. We therefore conclude that medication was not responsible
for the here observed slowing of neural activity. Conversely, it
could have been the case that the medication attenuated the slow-
ing of neural activity.−1.5
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Fig. 7. Effect of group and condition on the event-related phase uniformity (ERpu); left
There was a signiﬁcant effect of group (F1,15 = 11.27, p < 0.01) and condition (F2,30 = 3.49
these results should be interpreted with caution.5. Conclusions
We investigated power and phase information of PD-related
changes in oscillatory neural activity during motor performance.
In contralateral motor areas, activity was slower, i.e. alpha power
had a lower frequency, in line with earlier reports about resting
state activity. Slowing is therefore not characteristic for the default
network but is modulated by motor performance. Interestingly, the
degree of slowing depended on disease severity. The more ad-
vanced PD, the slower the neural activity, rendering the functional
relevance of slowing likely. Moreover, neural slowing was depen-
dent on different aspects of the UPDRS score during resting state
and movement. We found slowing of neural activity in the alpha
and beta frequency band, which indicates progressing motor
impairment even though performance was indistinguishable be-
tween patients and controls. The UPDRS assesses motor perfor-
mance as well as cognitive functioning. The fact that certain
subscores are more predictive of neural slowing than others, and
that this is different during resting state and performance suggests
that different mechanisms might be responsible for the slowing
during resting state and movement. It is thus unclear if the here-
reported slowing can be attributed solely to motor impairment. Fu-
ture studies should explore whether slowing also correlates with
cognitive impairment like PD-related dementia (Bosboom et al.,
2006; Soikkeli et al., 1991), where slowing is more exacerbated.8 10 12 14 16 18 20 22 24 26 28 30
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panel: ERpu as a function of time, right panel: idem but as a function of frequency.
, p < 0.05) but since the primary PCA mode explained only 43% of the total variance
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